Background-Regulatory T cells (Treg) are present in atherosclerotic lesions and can modulate disease. In this study we characterized changes in Treg responses associated with prolonged hypercholesterolemia and lesion progression. Methods and Results-Low-density lipoprotein receptor null mice in which Treg express green fluorescent protein were fed a control or cholesterol-rich diet, and green fluorescent protein-positive cells were enumerated in lymphoid tissues and in aorta. Splenic Treg numbers increased after 4, 8, and 20 weeks in cholesterol-diet-fed mice. However, the number of circulating and lesional Treg peaked at 4 weeks and decreased significantly at 8 and 20 weeks, concomitant with increased numbers of CD4 ϩ effector T cells and increased lesion size over this period. Treg expression of selectin ligands and their ability to bind to aortic endothelium decreased after prolonged hypercholesterolemia, and apoptosis of lesional Treg increased. After 4 weeks of cholesterol-rich diet, a switch to a control diet for 4 weeks reduced serum cholesterol and stopped lesion growth, and the high aortic Treg content was maintained, compared with mice fed a cholesterol diet for 8 weeks. After the diet reversal, the splenic Treg retained the phenotype of Treg after 4 weeks of cholesterol diet. 
T cells are present at all stages of atherosclerotic lesion development, 1 and the majority of these are CD4 ϩ T-helper cells (Th1) that produce interferon ␥. 2 Several lines of evidence indicate that Th1 cells promote lesion growth, as well as plaque instability-associated acute cardiovascular events. 3 Consistent with a proatherogenic role for Th1 cells, the progression of atherosclerosis in low-density lipoprotein receptor null (Ldlr Ϫ/Ϫ ) mice is impaired by deficiency of interferon ␥ or the T-bet transcription factor, which is required for Th1 differentiation. 4, 5 The nature of the antigens recognized by T cells that promote atherosclerosis remains an open question, and may include modified or native self apolipoprotein B 100, 6 oxidized low-density lipoprotein (LDL), ␤2 glycoprotein1b, heat shock protein 60/65, [7] [8] [9] and perhaps self proteins modified by dietary components. 10 
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Regulatory T cells (Treg) are essential for regulating T cell immune responses to prevent autoimmunity and possibly to prevent excessive responses to microbial pathogens. 11 Regulatory T cells can be identified by cell surface markers (CD3 ϩ CD4 ϩ CD25 int/high CD127 lo ), as well as expression of glucocorticoid-induced tumor necrosis factor receptor (GITR) and cytotoxic T-lymphocyte antigen 4. 12 The stable intracellular expression of the Foxp3 transcription factor is a defining feature of Treg. 13 The influence of Treg on atherosclerosis is of interest because these cells can block Th1 differentiation and effector function and are of potential therapeutic importance. 14 Regulatory T cells may influence proatherogenic T cell responses in the lymphoid tissues and/or human and mouse atherosclerotic lesions, [15] [16] [17] modulating the local proinflammatory processes. For example, reduced or functionally impaired Treg leads to increased atherosclerosis, 15, 18 and adoptive transfer of Treg into hypercholesterolemic mice reduces lesion development. 19, 20 Immunotherapy of atherosclerotic disease might be directed toward increasing Treg suppression of proatherogenic T cells. 19 -21 Because the ratio of regulatory to effector T cells (Teff) is critical in determining outcomes of T cell responses, [22] [23] [24] [25] we reasoned that therapeutic interventions aimed at increasing Treg suppression of proatherogenic T cell responses would require induced changes in Treg numbers within the arterial wall. In this study, we addressed the question of whether or not numbers of Treg within atherosclerotic aortas are dynamically regulated. We found that numbers of Treg and the Treg:Teff ratio within the atherosclerotic aorta progressively decreased during prolonged hypercholesterolemia, but the hypercholesterolemia-induced lesional Treg response could be maintained by dietary reversal of hypercholesterolemia.
Methods Mice
Foxp3-enhanced green fluorescent protein (eGFP) knock-in mice on a C57Bl/6 background, 26 were crossed with Ldlr Ϫ/Ϫ mice on a C57Bl/6 background (Jackson Laboratories) to obtain Foxp3-eGFP ϩ /Ldlr Ϫ/Ϫ mice. Regulatory T cells in the Foxp3-eGFP mouse have functional Foxp3 and are identifiable by green fluorescence. 26 Female and male Foxp3-eGFP/Ldlr Ϫ/Ϫ mice (all 8 weeks old at the start of experiments) were assigned to different groups in each experiment, and each group was fed a control or cholesterol-rich diet 27 for different time periods, depending on the experiments. A total of 208 mice were used in this study. Exact numbers of mice per experimental group are indicated in the Figure legends. All mice were housed and bred in a pathogen-free facility at the New Research Building (Harvard Medical School, Boston, MA) in accordance with the guidelines of the Committee of Institutional Animal Care and the National Animal Research Guidelines. Additional Methods can be found in the online-only Data Supplement.
Serum Cholesterol Analysis
Blood from individual mice was collected by retro-orbital venous plexus sampling after 4, 8, and 20 weeks of diet, serum samples were prepared, and cholesterol was analyzed (see the online-only Data Supplement).
Aortic Atherosclerotic Lesion Quantification
Atherosclerotic lesion formation in aortic sinuses was analyzed in Oil Red O (ORO) stained cryosections as described previously. 15, 17 See the online-only Data Supplement for a detailed description of the methods of lesion analyses.
Immunohistochemistry of Aortic Lesions
Serial fixed cryostat sections of aortic sinus adjacent to the OROstained sections were stained by standard immunohistochemical techniques, as described, 28 with antibodies specific for CD4, smooth muscle cell (SMC) actin and F4/80. Quantification of SMC and macrophage staining was performed by digital image analysis 4 and expressed as percentage of intimal area. See the online-only Data Supplement for a detailed description of antibodies and immunohistochemical techniques.
Flow Cytometry
Multicolor flow cytometry was performed by standard protocols as described 17 to quantify Treg and Teff cells in spleen, lymph nodes, and collagenase digests of aortic walls from mice after various dietary regimens and to characterize expression of adhesion molecules, chemokine receptors, activation molecules, and apoptosis markers on Treg and Teff cells. See the online-only Data Supplement for a detailed description of cell preparations, antibodies, and flow cytometric analyses.
Immunofluorescence and Confocal Microscopy
Lesional GFP ϩ Treg were counted in confocal microscopic images of en face preparations of the aortic arches from Foxp3-eGFP ϩ / Ldlr Ϫ/Ϫ mice prepared as described, 29 stained with primary antibodies specific for CD4 or class II major histocompatibility complex (I A /I E) , followed by Alexa-555-labeled secondary antibody and nuclear DAPI stain. Staining was analyzed by confocal microscopy.
See the online-only Data Supplement for a detailed description of the tissue preparation and confocal microscopic analyses.
Mouse Aorta Isolation and Ex Vivo Adhesion Assay
The ability of fluorescently-labeled Treg from hypercholesterolemic mice to adhere to the luminal surface of interleukin1␤ plus tumor necrosis factor ␣-treated mouse aortas ex vivo was tested as described. 30 Adherent fluorescently labeled Treg were detected by confocal microscopy. See the online-only Data Supplement for a detailed description of this ex vivo adhesion assay.
Regulatory T Cells Binding to E-Selectin Under Flow Conditions
Binding of splenic Foxp3-GFP ϩ Treg from cholesterol-fed mice to recombinant mouse E-selectin was examined under laminar flow conditions in a flow chamber as described. 31, 32 See the online-only Data Supplement for a detailed description of the in vitro flow chamber assays.
Statistical Analysis
For practical reasons, some experiments with multiple mice per group had to be performed in a 2-part staggered fashion, in order to be able to complete all the technical aspects in a way that did not vary from mouse to mouse. When conducting each of the 2 chronologically different parts, all the different groups of mice were included in each part, with equal numbers in each group. Statistical analyses included the Student t test for experiments with 2 groups, 1-way ANOVA for experiments that included cholesterol diet for 3 different durations, and 2-way ANOVA for experiments that included 2 diets (control and cholesterol) for different durations (4, 8, and 20 weeks 
Results

Hypercholesterolemia Increases the Number of Splenic Regulatory T Cells in
Foxp3-eGFP ϩ /Ldlr Ϫ/Ϫ mice were fed a control or a cholesterol-rich diet, the latter causing a progressive significant increase of total cholesterol levels in serum between 4 and 20 weeks ( Figure 1A ). Aortic root atherosclerotic lesions progressively increased in cholesterol diet-fed mice after 4, 8, and 20 weeks ( Figure 1B ) whereas mice fed control diet had no significant lesions. To determine if hypercholesterolemia had a systemic effect on Treg, we quantified CD4 ϩ GFP ϩ T cells in the spleens of these mice. We observed a progressive increase in the percentage of CD4 ϩ cells that expressed GFP over the 20 weeks of cholesterol-diet feeding and a smaller increase over time in control diet-fed mice whereas the percentage of total CD4 ϩ T cells was not different between the 2 groups of mice at all time points ( Figure 1C ). The small increase in percentage of splenic Treg in control-diet-fed Ldlr Ϫ/Ϫ mice likely reflected the mild hypercholesterolemia in these mice (see Figure 1A ) because we did not see any increase in splenic Treg in Ldlr ϩ/ϩ Foxp3-eGFP ϩ mice fed control diet at 4, 8, and 20 weeks (data not shown). The percentage of CD4 ϩ cells that expressed GFP in blood decreased slightly between 4 and 8 weeks of hypercholesterolemia ( Figure 1D ) whereas the percentage of blood T cells expressing CD4 did not change ( Figure 1E ).
Treg Numbers Transiently Increase in the Atherosclerotic Aortas and Then Decrease During Sustained Hypercholesterolemia and Lesion Growth
We examined Treg accumulation in aortas of Foxp3-eGFP ϩ / Ldlr Ϫ/Ϫ mice using 2 different methods. First, we used confocal microscopy of en face samples of the atherosclerosis-prone area of the lesser curvature, as described. 29 Prior studies have indicated that the retention of lipopoproteins and cholesterol in the arterial intima induces the initial monocyte and dendritic cell homing to the aorta, 33 and this process amplifies further leukocyte recruitment during early atherogenesis. 27, 34 In order to confirm that we were counting Treg in the location of the lesion development and inflammation in the aortic arch, we stained identically prepared samples for 
/Ldlr
Ϫ/Ϫ mice (14 total) were fed a cholesterol-rich diet and euthanized after 4 and 8 weeks, and blood leukocytes were stained for CD4 and analyzed by FACS. D, Figure IA) . Moreover, we verified the accumulation of F4/80 ϩ macrophages in these samples. This accumulation increased when mice were fed a high cholesterol diet for 20 weeks (online-only Data Supplement Figure IB) .
We quantified GFP ϩ Treg, from aortic arches of Foxp3-eGFP ϩ /Ldlr Ϫ/Ϫ mice fed a cholesterol diet for 4, 8, and 20 weeks. The arches were stained with anti-CD4 and DAPI (nuclei) and were examined by confocal microscopy ( Figure  2A ). Regulatory T cells were present in lesions after 4, 8, and 20 weeks of diet. Remarkably, the number of Treg was maximum at 4 weeks of diet and decreased successively at 8 and 20 weeks, opposite to the increase of total CD4
ϩ cells from 4 to 20 weeks.
In order to confirm the confocal data, we performed flow cytometric analyses of cells collected by collagenase digestion of the aortic walls. This method will detect T cells throughout the aortic wall, including intimal lesions, media, and adventitial cells. Changes in adventitial lymphoid populations are reflective of atherosclerotic disease progression, and studies have demonstrated specific homing of lymphocytes to atherosclerotic aortic adventitia. 35 Before digestion, we thoroughly removed para-aortic connective and adipose tissue, and we have confirmed by histology that there is only a thin adventitia on the outer surface (not Ͼ30 m), which is devoid of any organized lymphoid tissue. Furthermore, we have never found adventitial or para-aortic tertiary lymphoid tissues on histological sections from aortas of Ldlr Ϫ/Ϫ mice fed cholesterol diet up to 20 weeks. Aortas from control or cholesterol-fed Foxp3-eGFP ϩ /Ldlr Ϫ/Ϫ mice were harvested after 4, 8, and 20 weeks, enzymatically digested and GFP expression was analyzed in the final cell suspensions by fluorescence-activated cell-sorting (FACS). We were able to detect GFP ϩ Treg by this method, and again we observed an initial increase of Treg number in aortas of cholesterol diet-fed mice compared with control diet-fed mice after 4 weeks, but Treg numbers decreased at 8 and 20 weeks ( Figure  2B ). Immunohistochemical staining of aortic sinuses in the same mice indicated that total lesional CD4 ϩ T cells increased progressively from 4 to 20 weeks ( Figure 2C) . We also performed digestion of aortas from different groups of Foxp3-eGFP ϩ /Ldlr Ϫ/Ϫ mice fed cholesterol diet for 4 and 8 weeks, followed by intracellular staining for CD4 and Foxp3. Again, we observed a decrease in Treg from 4 to 8 weeks whereas the total number of CD4 ϩ Foxp3 -T cells increased over the same time period ( Figure 2D ). By quantifying Foxp3 ϩ and Foxp3 -CD4 ϩ T cells after digestion of the aortas, we established a decreasing ratio between regulatory and effector CD4 ϩ cells (Treg:Teff) in aortas over a period of sustained hypercholesterolemia and lesion growth ( Figure  2E ). This result indicates that prolonged hypercholesterolemia inhibits the accumulation of Treg in atherosclerotic arteries whereas Teff accumulation continues. In order to explain loss of Treg that had already entered the lesion during the initial 4 weeks of cholesterol diet feeding, we explored the possibility that this loss was due to increased cell death by staining aortic digests for Foxp3, CD4, and the apoptosis marker annexin V. The aortic digests were the same as those used to established decreasing Treg:Teff ratios shown in Figure 2D and E. We found that the number of annexin V ϩ Foxp3 ϩ Treg was almost 3 times higher after 8 weeks of cholesterol diet than after 4 weeks ( Figure 2F ), indicating that prolonged hypercholesterolemia induces Treg apoptosis in atherosclerotic aortas.
Hypercholesterolemia Induces Changes in Functional Phenotype of Foxp3-eGFP
To address the possibility that the reduction of blood and lesional Treg over time in hypercholesterolemic mice reflected a change in migratory function, we analyzed the expression of cell surface molecules on splenic Treg, including chemokine receptors, integrins, and selectin ligands. We also analyzed expression of surface molecules related to function, including GITR, inducible costimulatory molecule, and CTLA4. Interestingly, we found that the expression of GITR, P-selectin glycoprotein ligand-1 (PSGL1), lymphocyte function-associated-1 (LFA-1), L-selectin (CD62L), and binding of P-selectin and E-selectin immunoglobulin G chimeras, all decreased significantly in CD4 ϩ GFP ϩ Treg after 20 weeks of cholesterol diet compared with Treg from control diet-fed mice ( Figure 3A through G) . In contrast, CD4
ϩ GFP -lymphocytes (Teff) from cholesterol or control diet-fed mice had the same levels of PSGL-1, LFA-1, and binding of P/E selectin immunoglobulin G chimeras, although CD62L and GITR on the Teff did decreased over time (online-only Data Supplement Figure IIA through F) . There was also a reduction in Treg expression of CCR6, inducible costimulatory molecule, and CTLA4 from 4 to 8 to 20 weeks, but these changes were comparable in Treg from control and cholesterol diet-fed mice. The expression of glycosylated CD43 or CXCR4 on Treg did not change over time and did not differ in control and hypercholesterolemic mice (data not shown). The changes in Treg but not Teff phenotype that we observed in response to prolonged hypercholesterolemia suggested that Treg might also have a reduced ability to adhere to endothelial adhesion molecules in comparison with Teff. We analyzed the ability of Treg and Teff from Foxp3-eGFP ϩ / Ldlr Ϫ/Ϫ mice to bind to E-selectin under physiological flow conditions in an in vitro flow chamber assay. The results showed that prolonged hypercholesterolemia reduced the ability of Treg to bind to E-selectin under conditions of shear stress (1 and 0.8 dynes/cm 2 ) ( Figure 4A ). In contrast, we did not find significant differences in binding of Teff from 4 versus 8 weeks cholesterol diet-fed mice ( Figure 4B ). We also tested the effect of prolonged hypercholesterolemia on the ability of Treg and Teff to bind to the endothelial lining of intact aortas ex vivo. Aortas from C57BL/6 wild-type mice were harvested and stimulated with tumor necrosis factor ␣ and interleukin 1␤ to induce the expression of receptors involved in inflammation and migration. Consistent with the above findings from the flow assays, significantly less splenic Treg from Foxp3-eGFP ϩ /Ldlr Ϫ/Ϫ mice fed a cholesterol diet for 8 weeks bound to the aortas than did Treg from mice fed the diet for 4 weeks ( Figure 4C ). In contrast, Teff taken after 4 and 8 weeks of cholesterol diet bound equally well ( Figure  4D ). These results indicate that prolonged hypercholesterol- mice (54 total) were fed a cholesterol diet for 4, 8, or 20 weeks, aortic arches were harvested, and en face preparations were stained with DAPI plus anti-CD4/Alexa-555 for confocal microscopic examination. A, The mean number of total CD4 ϩ cells (white bars) and Treg (black bars) per field among 5 fields was determined in 2 mice per diet/time. Images of 2 Treg in the same field of an atherosclerotic arch, but at 2 different z-stacks, are shown. B, Descending aortas from the same mice described in A were enzymatically digested, and the GFP ϩ population was analyzed by FACS. Data in A and B represent meanϮSEM; nϭ9 mice per group; *PϽ0.05, **PϽ0.01 analyzed by 1-way ANOVA with Tukey post test (A) or 2-way ANOVA with Bonferroni post test (B). C, Frozen sections of aortic sinus from the cholesterol-fed mice described in A were stained for CD4 by immunohistochemistry. Data represent meanϮSEM; nϭ7 to 9 mice per group. Figure IIIA) . The ability to suppress interferon ␥ secretion was also not impaired by prolonged hypercholesterolemia (data not shown). In addition, when the assay was run with DCs as the antigen presenting cells recovered from the spleen of the same animals from which CD4 ϩ GFP ϩ Treg were isolated, no effects of prolonged hypercholesterolemia on Treg suppression were found (online-only Data Supplement IIIB). These results support the idea that Treg remain functional in the setting of hypercholesterolemia even if their capacity to bind to aortic endothelium is impaired.
Reversal of Hypercholesterolemia by Change in Diet Prevents Reduction in the Initial Treg Response and Change in Treg Phenotype
In order to prove that the reduction in the initial Treg response was due to prolonged hypercholesterolemia, we designed a study in which mice were fed a cholesterol diet for 4 weeks, Figure 1A through C, harvested after 4, 8, or 20 weeks of cholesterol or control diet, were stained for CD4, GITR, PSGL1, LFA-1, and CD62L or with P-selectin and E-selectin immunoglobulin G chimeras and analyzed by FACS gating on CD4 ϩ GFP ϩ cells. A, Histograms correspond to 1 representative mouse. B through G, Fluorescence-activated cell-sorting data represent meanϮSEM; nϭ6 to 9 mice per group. *PϽ0.05, **PϽ0.01, analyzed by 2-way ANOVA with Bonferroni post test. GITR indicates glucocorticoid-induced tumor necrosis factor receptor; PSGL1, P-selectin glycoprotein ligand-1; P-sel, P-selectin; E-sel, E-selectin; LFA-1, lymphocyte function-associated-1; GFP, green fluorescent protein; E sel lig ϩ , E-selectin ligand positive; and P sel lig ϩ , P-selectin ligand positive.
and then the mice were fed a cholesterol-free diet for an additional 4 weeks in order to reverse the hypercholesterolemia. We reasoned that this would allow the initial Treg response to be maintained. The diet reversal mice were compared with mice fed a cholesterol diet for 8 weeks. We confirmed that the diet switch resulted in significantly reduced serum cholesterol compared with the mice fed cholesterol diet continuously for 8 weeks ( Figure 5A ). There was significant inhibition of lesion progression between 4 and 8 weeks in mice changed to a control diet compared with mice fed cholesterol diet for 8 weeks ( Figure 5B ). Flow cytometric analyses of aortic digestions indicated that the diet reversal resulted in sustained peak Treg numbers in the aorta, which were approximately the same numbers observed after 4 weeks of cholesterol diet ( Figure 5C ). Moreover, staining of CD4 and Foxp3 cells in the aortic digests confirmed that the decrease in dietary and blood cholesterol resulted in a sustained high number of Treg (CD4 ϩ Foxp3 ϩ ) within the aorta, which was higher than the number of Teff cells (CD4 ϩ Foxp3 Ϫ ) ( Figure 5D ). Quantification of Treg and Teff showed again a decreasing ratio Treg:Teff in aortas over a period of sustained hypercholesterolemia that was prevented in mice changed to a control diet ( Figure 5E ). In addition, diet reversal also prevented the increase in Treg apoptosis seen in mice with prolonged hypercholesterolemia ( Figure 5F ). We also found, by imunohistochemical analysis, a lower number of total CD4 ϩ cells in aortic sinus lesions in the diet reversal group (online-only Data Supplement Figure IVA) . Smooth muscle cell content in the lesion did not show any difference between the groups (online-only Data Supplement Figure  IVB) , suggesting that changes in SMC content are not as readily altered with changes in diet.
We compared phenotypic markers on GFP ϩ lymphocytes from spleens of mice changed to a control diet and mice fed a cholesterol diet continuously. The decreased expression of GITR, PSGL1, and P/E-selectin immunoglobulin G chimera binding that we observed in the GFP ϩ population of hypercholesterolemic mice were not seen in the mice changed to control diet at 4 weeks ( Figure 6A through E) . In other words, splenic Treg harvested 4 weeks after mice were changed to a control diet had the same levels of expression of these molecules as Treg in continuously control diet-fed mice. However, the 4-week level of LFA-1 expression was not maintain by dietary reversal of hypercholesterolemia (online- only Data Supplement Figure VA and B) , suggesting that the changes in selectin ligand expression were more important for Treg accumulation. These results show that Treg, which increase in numbers and accumulate in the aortic wall along with CD4
ϩ Teff during the first 4 weeks of hypercholesterolemia, selectively undergo phenotypic changes due to prolonged hypercholesterolemia beyond 4 weeks, which results in their absolute reduction in lesions compared with Teff.
Discussion
Emerging evidence indicates that Treg can suppress proatherogenic T cell responses, similar to their established function in regulating autoreactive T cells in immune-mediated/inflammatory disease. Studies from mouse and humans show that both induced Treg and Teff are increased in numbers in many immune responses to foreign and self antigens, and the ratio of Treg to Teff cells determines the outcome of these responses. [22] [23] [24] We reasoned that therapeutic interventions aimed increasing Treg to Teff ratios in atherosclerotic lesions might favor control of or reduction in growth of the lesions and would diminish inflammation. Such a therapeutic approach would be feasible only if lesional Treg content could be dynamically changed by those interventions.
One important finding from our studies is that hypercholesterolemia induces an accumulation of Treg in the atherosclerotic aorta, but the Treg content is not maintained over time under sustained hypercholesterolemic conditions. Significantly, Teff content in the aorta increases while Treg content goes down. Therefore proinflammatory Teff within lesions will be subject to decreased local regulation as the disease progresses. A possible mechanism for this decrease over time is the loss of the ability of Treg to migrate into lesions after prolonged hypercholesterolemia. In support of this, we observed an increase in Treg in peripheral lymphoid tissue (spleen) concomitant with the decrease of Treg in lesions. This finding indicates that there is not a failure to generate or expand Treg systemically, nor a systemic decrease in their survival under hypercholesterolemic conditions. However, the expression of functional selectin ligands decreases on splenic Treg between 4 weeks and 20 weeks of hypercholesterolemia. Previous studies have shown that T-cell accumulation in atherosclerotic lesions is selectin dependent 34 -37 and that Treg migration is also selectin dependent. 38, 39 Interestingly, selectin ligands did not decrease on other lymphocytes in the spleens of the hypercholesterolemic mice, which might explain why Teff continue to accumulate in the atherosclerotic aortas of the mice. The basis for the effect of hypercholesterolemia on Treg selectin binding Figure 6 . Reversal of diet prevents changes in the functional phenotype of Treg. Spleen cells from mice in the diet reversal study described in Figure 5A through E were stained for CD4, GITR, PSGL1, and P-selectin and E-selectin immunoglobulin G chimeras and analyzed by flow cytometry gating on CD4 ϩ GFP ϩ population. A, Histograms correspond to 1 representative mouse. B through E, Fluorescence-activated cell-sorting analysis data represent meanϮSEM; nϭ5 to 9 mice per group. *PϽ0.05, **PϽ0.01, ***PϽ0.001, analyzed by 1-way ANOVA with the Tukey post test.
ability and the selectiveness of the effect for Treg but not Teff requires further investigation. One possibility is that hypercholesterolemia alters dendritic cells in a way that alters Treg differentiation. We have observed that naïve T cells from Foxp3-eGFP ϩ mice fail to bind selectins, but Treg derived in vitro from naïve Foxp3-eGFP ϩ T cells acquire selectin ligand capabilities (Nir Grabie, PhD and Andrew Lichtman, MD, PhD, unpublished data). We have also shown that dendritic cells become foam cells and retain antigen-presenting functions. 40 It is possible that cholesterol-loaded dendritic cells are less capable of inducing expression of the glycosyltransferase enzymes required for functional selectin ligand synthesis.
A loss of ability of Treg to enter lesions after prolonged hypercholesterolemia may explain a lack of continued Treg accumulation but does not explain loss of cells that had already entered the aortic wall at 4 weeks. Increased Treg death after exposure to the increasingly altered microenvironment of the atherosclerotic arterial wall could be the basis of the increased Treg loss at 8 and 20 weeks. Our finding that there were significantly more apoptotic aortic Treg after 8 weeks than 4 weeks supports this explanation.
One limitation of the data shown in Figure 1 and 2 is that they cannot distinguish effects of prolonged hypercholesterolemia from effects of age, given that the longer the mice were kept on the cholesterol diet the older they were at time of sacrifice. However, we did not find any age-related change in selectin binding by Treg from normocholesterolemic C57BL/6 mice at ages that were equivalent to those in our experiments with Ldlr Ϫ/Ϫ mice (data not shown). Furthermore, in the diet reversal study (Figures 5 and 6 ), the mice were the exact same age at sacrifice, and difference in Treg numbers and phenotype correlated with cholesterol content of diet during the final 4 weeks of life.
An important finding in this study is that changes in induced Treg content in atherosclerotic aortas are linked to hypercholesterolemia and can indeed be prevented by changes in diet-dependent blood cholesterol levels. Moreover, these changes are inversely correlated with total Teff content in lesions and lesion size. Thus, by changing a cholesterol-rich diet to a cholesterol-free diet we were able to maintain high Treg numbers in the aorta and prevent the decrease in Treg binding to selectins and aortic endothelium. Our finding supports the interpretation that therapeutic reversal of hypercholesterolemia would enhance Treg migration into the lesions.
